Structural changes occur in the ␣␤-tubulin heterodimer during the microtubule assembly/disassembly cycle. Their most prominent feature is a transition from a straight, microtubular structure to a curved structure. There is a broad range of small molecule compounds that disturbs the microtubule cycle, a class of which targets the colchicine-binding site and prevents microtubule assembly. This class includes compounds with very different chemical structures, and it is presently unknown whether they prevent tubulin polymerization by the same mechanism. To address this issue, we have determined the structures of tubulin complexed with a set of such ligands and show that they interfere with several of the movements of tubulin subunits structural elements upon its transition from curved to straight. We also determined the structure of tubulin unliganded at the colchicine site; this reveals that a ␤-tubulin loop (termed T7) flips into this site. As with colchicine site ligands, this prevents a helix which is at the interface with ␣-tubulin from stacking onto a ␤-tubulin ␤ sheet as in straight protofilaments. Whereas in the presence of these ligands the interference with microtubule assembly gets frozen, by flipping in and out the ␤-subunit T7 loop participates in a reversible way in the resistance to straightening that opposes microtubule assembly. Our results suggest that it thereby contributes to microtubule dynamic instability.
M
icrotubules are hollow cylindrical assemblies of ␣␤-tubulin heterodimers (tubulin). They participate in numerous processes such as cell division, where they form the mitotic spindle, or intracellular trafficking, where they constitute the roads along which microtubule-based motors move. To fulfill their wide range of functions, microtubules alternate phases of growth and shrinkage in a process known as dynamic instability (1) . The assembly-disassembly cycle is accompanied by a nucleotide cycle, which is well understood. To be competent for polymerization, tubulin should be in a GTP state, i.e., with GTP bound to the ␤-subunit (the GTP molecule bound to ␣ is neither hydrolyzed nor exchanged). GTP hydrolysis accompanies microtubule assembly, and GDP-tubulin is released upon disassembly (2) . Tubulin also undergoes a structural cycle that is deciphered only in part. Structural data have been obtained on GDP-tubulin, either assembled in sheets of straight protofilaments mimicking the microtubule state (3) or in a curved protofilament-like complex of 2 tubulins with the stathmin-like domain (SLD) of the RB3 protein (RB3-SLD) (4) . This structure has provided an atomic model for a conformation of unpolymerized tubulin, revealing that the overall curvature of the complex is due to reorientations of neighboring tubulin subunits with respect to each other both within a heterodimer and at the interheterodimer interface. These orientation changes accommodate variations at the intersubunit contact surfaces due to rearrangements of tubulin domains with respect to the structure in straight protofilaments (4) .
In the structure of unassembled tubulin (4), the bound nucleotide is GDP and the protein is complexed to colchicine, a small molecule ligand which is located in ␤-tubulin, at the interface with the ␣-subunit of the same heterodimer. Tubulincolchicine gets incorporated in microtubules to a very limited extent whatever the nucleotide (5) , which means that structural changes that occur in tubulin-colchicine and prevent its incorporation in microtubules become frozen after ligand binding. This differs from changes in GDP-tubulin compared with GTPtubulin which also prevent microtubule assembly but whose effects may be reversed (6) . These observations raise 2 questions. First, what are the molecular mechanisms that prevent the domain movements required to go from curved to straight tubulin when there is a ligand at the colchicine site? Second, is the arrangement of the 2 subunits of soluble GDP-tubulin curved in the absence of colchicine and, if this is the case, what gives rise to this curvature and how is it reversed?
We report here atomic structures of complexes of 2 tubulins with the RB3-SLD (T 2 R) that address these issues. In the first structure, there is no exogenous inhibitor bound to tubulin in the colchicine site. This allows us to identify local changes that account for tubulin curvature in the absence of any colchicine site ligand. In addition, we compare structures of T 2 R where tubulin is complexed to colchicine and to three other ligands with significantly different chemical formulas (Fig. 1) , taking advantage of the wide variety of ligands that target the colchicine site. This defines molecular mechanisms that prevent the tubulin transition from curved to straight.
Results

Structure of the T2R Complex with No Exogenous Ligand
Bound. The stabilization of tubulin through SLD binding has proven successful to obtain structural information on this fragile protein. However, we have long been unable to describe differences between tubulin with an empty and an occupied colchicine site, because of the too low resolution of diffraction by empty T 2 R crystals. Successive incremental improvements including optimization of the crystallization temperature (7) resulted in T 2 R crystals that diffracted to 3.65 Å resolution (Table S1 ). The unliganded complex remains curved, and its curvature is unchanged compared with colchicine-bound T 2 R, the only structural differences being local. Their main feature is a switch of the T7 loop (tubulin secondary structure elements are presented in Figs. 2-4 ; for their localization in the sequence and for tubulin residue numbering, see reference 3 and the legends to Figs. 2 and 3 ). In the absence of a ligand, this loop lies in the colchicine site, the side chain of residue Asn ␤249 overlapping with the colchicine A ring when the corresponding structures are superimposed (Fig. 2) . The T7 loop f lips to make room for the ligand. This is likely to be a fast process and does not account for the well-documented slow binding of colchicine (8) , as it also occurs when other colchicine site ligands bind to tubulin. Most of these do not present any peculiar association kinetics. The T7 loop links helix H8 to the central helix H7. The latter undergoes a translation when tubulin converts from a straight to a curved state (4) . When tubulin is embedded in a microtubule, this loop mediates longitudinal contacts with the neighboring monomer and in particular with its nucleotide (9) . Therefore, the T7 loop adopts at least 3 different conformations according to the assembly state and to the presence of an exogenous molecule in the colchicine site. Tubulin is the target of numerous small molecule inhibitors. Most of them bind to one of the three characterized tubulin ligand sites, the taxol, vinca, and colchicine sites. Each of them accommodates compounds with very different structures (10) . We determined the structures of T 2 R in complex with 3 such compounds ( Table S1 ) that all differ significantly from colchicine ( Fig. 1 ) and prevent microtubule assembly (11) (12) (13) . All compounds establish very few polar interactions with tubulin, making mostly van der Waals contacts with it. Two of them colocalize with colchicine, they will be presented in the two following sections. The binding site of the third one overlaps only in part with that of colchicine, it defines an extension of this site and will be presented in a later section. Structure of the T2R-ABT751 complex. ABT751, also named E7010, is a synthetic sulfonamide molecule currently evaluated as an anti-cancer drug (14) (Fig. 1) . We have determined the T 2 R-ABT751 structure at 3.8 Å resolution. The ligand orientation in its tubulin site was confirmed with the use of a bromo-derivative (see Materials and Methods) ( Fig. 3A and Fig. S1 ). As expected from competition experiments (13) , ABT751 binds to the colchicine site. When the ␤-subunits in the T 2 R-colchicine and T 2 R-ABT751 complexes are superimposed, the electron density envelopes of these ligands largely coincide. The methoxy benzene and pyridine groups of ABT751 superimpose with the colchicine C and A rings, respectively, while the sulfonamide linker overlaps with the B ring (Fig. 3A) . Nevertheless ABT751 is more deeply buried than colchicine in ␤-tubulin. This has 2 consequences. First, in addition to the secondary structure elements of the tubulin intermediate domain contacted by colchicine, ABT751 interacts with strand S6 of the N-terminal nucleotide binding domain, mainly through contacts between the hydroxyaminophenyl group and residue Tyr ␤202. Second, ABT751 does not interact with the ␣-subunit, as opposed to colchicine, which contacts the ␣-tubulin T5 loop through its N-acetyl substituent. This loop has been shown to adopt 2 alternate conformations, depending on the colchicine site ligand (4, 15) . The conformation adopted in T 2 R-ABT751 is the same as in the T 2 R-podophyllotoxin complex (4) and as in empty T 2 R.
Structure of the T2R-T138067 complex: A dual binding mode with a covalent component. T138067 is a polycyclic molecule comprising 2 rings and sharing with ABT751 a sulfonamide linker (Fig. 1) . It binds covalently to residue Cys 241 of ␤-tubulin (12) (Cys 241 is the 239th residue of the ␤ chain; residue numbering is chosen to be consistent with that of ␣-tubulin and with previous tubulin structural work). The 3.6 Å resolution electron density maps of the T 2 R-T138067 complex reveal a dual binding mode. Some of the ligand molecules occupy a site largely overlapping with that of colchicine while others are covalently linked to Cys ␤241 (Figs.  3B and C) . In the latter case, only ring A, bound to Cys ␤241, and the sulfonamide moiety are visible in the electron density; they interact mainly with strand S9 and loop T7, that border the colchicine site on the ␣-tubulin side. Ring B is disordered and points toward the solvent. Occupancy refinement of the 2 ligand populations leads to an occupancy of the noncovalently bound one between 0.7 and 1, while that of the covalently bound one is between 0.6 and 0.8. This is consistent with the nature of the ␤241 residue, which depends on the isotype. It is a serine in ␤III tubulin, which amounts to 25% of mammalian brain tubulin (16) , and a cysteine in other isotypes. As the overall occupancy is higher than unity, the 2 binding modes are not exclusive of each other. This is supported by the structure as there is no disallowed interference in T 2 R in which 2 T138067 molecules are modeled in the same ␤-subunit. Moreover, some stabilization may arise from the stacking of the A ring of the covalently bound molecule with that of the noncovalently bound one. The T2R-TN16 complex: Extension of the colchicine site. TN16 (Fig. 1 ) has long been recognized as an inhibitor of microtubule assembly that competes with colchicine for tubulin binding (11) . Inspection of the 3.7 Å Fobs-Fcalc electron density map of T 2 R-TN16 shows that the overlap of the TN16 binding site with the colchicine site is limited to the subsite accommodating the colchicine A ring (Fig. 3D) . TN16 is even more deeply buried in the ␤ monomer than the ABT751 ligand. As a consequence, it makes fewer contacts with the secondary structure elements of the tubulin intermediate domain while establishing new interactions with the nucleotide-binding domain. The tubulin residues involved belong to ␤ strands S4, S5, and S6 in this domain. The orientation of the TN16 molecule we propose is based on the best fit in its Fobs-Fcalc and 2Fobs-Fcalc omit maps and optimizes polar interactions with tubulin, but, owing to the cylindrical shape of the electron density, alternate orientations cannot be excluded.
The structures we determined lead us to propose that ligands competing with colchicine for tubulin binding bind to a ''colchicine domain'' which consists of a main site and of additional pockets (Fig. 3E) . The main site accommodates most of the ligands whose interaction with tubulin has been structurally characterized, namely colchicine, podophyllotoxin, as well as ABT751 and noncovalently bound T138067 (ref. 4 and this work). The additional pockets are either buried deeper in the ␤-subunit, as revealed by TN16, or extend from the Cys ␤241 side-chain (covalently bound T138067). This situation is similar to that of the tubulin vinca domain that may be described as consisting of a core targeted by all ligands that interfere with vinblastine for tubulin binding and of liganddependent extensions (17) . Extensions of the colchicinebinding site of smaller amplitude than that occupied by TN16 were previously suggested based on modeling (18) . Our result provides an experimental basis to guide the design of antimitotic agents that target the whole colchicine domain.
Discussion
Tubulin undergoes structural changes along its microtubule assembly/disassembly cycle. These consist in variations within tubulin subunits that affect in particular their longitudinal interfaces (those at contacts between subunits in protofilaments or protofilament-like assemblies) as well as in orientation changes of the subunits that accommodate these variations. To identify the factors that may keep soluble tubulin in a curved conformation, we compared the structures of tubulin in Zn-sheets straight protofilaments and in T 2 R (with or without colchicine, since this does not affect the structure except in the colchicine neighborhood). While Zn-sheets protofilaments ref lect the arrangement of tubulins along the microtubule axis, some changes in the subunits are expected since the lateral interactions between protofilaments in the 2 assemblies differ. Indeed, adaptations of the M loop and of the H6 helix were reported (19) . The question of the similarity of GDP-tubulin in solution and in T 2 R also arises. Although some local differences must exist in this case too, there is substantial evidence that RB3-SLD does not affect significantly the tubulin surfaces that are at longitudinal interfaces in T 2 R. This relates to the contacts of RB3-SLD with tubulin. Two regions may be distinguished in RB3-SLD: its N-terminal part, which caps T 2 R (4), and its long C-terminal helix. The RB3-SLD N-terminal peptide is distant by Ϸ40 Å from the closest intersubunit longitudinal interface (Fig. 2 A) . The RB3-SLD C-terminal helix only contacts residues in the nucleotide binding domain and in the C-terminal helical hairpin (20) , an ensemble that is unchanged in T 2 R with respect to straight protofilaments [root mean square deviation (r.m.s.d.) of C␣ positions: 0.8 Å, within the range expected for identical structures, given the resolution of the corresponding diffraction data]. Therefore, the main function of the RB3-SLD C-terminal helix is to hold tubulin heterodimers together in T 2 R in relative orientations that are consistent with low resolution images of curved tubulin assemblies that do not comprise RB3-SLD and are obtained with or without colchicine (20) . We summarize here the movements within subunits that give rise to the subunits orientation changes on going from a curved to a straight assembly.
Taking the ensemble of the N-terminal nucleotide-binding domain together with the C-terminal helical hairpin as a reference, a major change concerns the intermediate domain whose ␤ sheet rotates, placing the M loop in a position to mediate lateral contacts with the neighboring protofilament. In addition, for a tubulin subunit to establish microtubular longitudinal contacts with its 2 neighbors, its H6 helix and the following loop stack onto the monomer (4). This is accompanied by a translation of the H7 helix, which runs all along the longitudinal axis of the tubulin subunit. On the other side of the monomer, the T7 loop, which is immediately C-terminal to helix H7, stacks onto the ␤ sheet of the intermediate domain.
The H8 helix, which is immediately downstream of the T7 loop and is embedded in the intermediate domain sequence, does not move much (see Fig. 4 ; the r.m.s.d. of its C␣s after superposition of the N-terminal domains is 1 Å, over 9 residues, much smaller than the 2.9 Å r.m.s.d. of the C␣s of the intermediate domain ␤ sheet). This helix interacts both with the N-terminal domain and with the intermediate domain of its subunit, in particular with its ␤ sheet. In curved tubulin, following rotation of this sheet, it also interacts with all of the colchicine domain ligands we have studied. Importantly, in T 2 R and in straight protofilaments, ␤-tubulin helix H8 is a major contributor to the intradimer intersubunit interface (4, 9) .
When we initially determined the structure of colchicine bound to tubulin in T 2 R, we identified the interaction of its N-acetyl appendage with the neighboring ␣-subunit and the steric hindrance that would result from the 2 subunits coming closer as in straight protofilaments as a major factor keeping the tubulin heterodimer in a curved conformation (4) . The colchicine site binders we have studied here, some of which do not interact with the ␣-subunit, also prevent tubulin from adopting its straight structure; they make use of 2 additional mechanisms. When a colchicine domain molecule is bound to tubulin, the H7 and H8 ␣-helices, the T7 loop and the S8 and S9 ␤-strands, which contribute most to the core of the colchicine domain, all interact with the ligand. As a consequence, an effect of the colchicine domain compounds is to interfere with the concerted movements of these secondary structure elements required for tubulin to adopt its straight, microtubular conformation and, therefore, to assemble in microtubules (Fig.  4) . In particular, colchicine domain ligands prevent the stacking of helix H8 onto the intermediate domain ␤ sheet that is observed in microtubular tubulin. This disorganizes the intradimer interface and destabilizes the straight arrangement of tubulin subunits. The covalently bound T138067 reaches the same effect by preventing loop T7 from stacking on the intermediate domain ␤ sheet as in microtubules (Fig. S2) . In the case of TN16, additional interactions of this ligand with the N-terminal domain further contribute to the stability of the ␤-tubulin monomer in the curved conformation.
When tubulin is unliganded, the T7 loop takes the place of the colchicine site ligand, forces the H8 helix and the intermediate domain ␤ sheet apart and prevents tubulin from adopting a straight conformation, as colchicine site ligands do. But, in this case, this effect is reversed as the T7 loop f lips out of its curved tubulin location so that tubulin may switch between its curved and straight structures, as observed upon microtubule assembly. The localization of the T7 loop in soluble tubulin, in the absence of a colchicine domain ligand, opposes microtubule assembly suggesting that it contributes to microtubule dynamic instability. To be competent for assembly, tubulin has to be in the GTP state (i.e., with GTP bound to the ␤-subunit). There is increasing evidence that unassembled GTP-tubulin is curved, one of the most compelling arguments being that it binds allocolchicine and several other colchicine-domain ligands with an affinity very similar to that of GDP-tubulin (21, 22) . The question then arises of how GTP favors tubulin assembly in microtubules. Although recent experimental results constrain the possible mechanisms (23), further work is required to determine the precise way in which GTP favors microtubular interactions and thereby tips the balance in favor of the tubulin straight conformation.
Materials and Methods
Proteins and Ligands. Sheep brain tubulin was purified by 2 cycles of polymerization in a high molarity buffer followed by depolymerization (24) and finally stored at Ϫ70°C in 50 mM Mes-K, pH 6.8, 33% glycerol, 0.25 mM MgCl2, 0.5 mM EGTA, 0.1 mM GTP until use. Before preparation of the T2R complex, an additional microtubule assembly/disassembly cycle was performed. Tubulin concentrations were deduced from its absorbance ( 278 ϭ 1.2 mL cm Ϫ1 mg Ϫ1 ), assuming the molecular weight of the heterodimer is 100 kDa (25) . The RB3 stathmin like domain (RB3-SLD) was expressed and purified as described (26) . RB3-SLD concentration was determined by amino acid analysis or by titrating a known tubulin solution with RB3-SLD on a gel filtration column (Superose 12 10/300; Amersham). Both methods gave similar results.
ABT751 and T138067 were synthesized as described (27, 28) . TN16 was purchased from Calbiochem. The bromo-derivative of ABT751 was synthesized according to the chemical route reported for the preparation of ABT751 and its analogs, using at the final step p-bromobenzenesulfonyl chloride instead of p-methoxybenzenesufonyl chloride for ABT751 (28) .
Crystallization of T 2R and of T2R-Colchicine Domain Compounds Complexes.
The colchicine domain compounds studied here were added to recycled tubulin (typically in the 50 to 80 M concentration range) after it had been complexed with RB3-SLD as a T 2R complex. T138067 and TN16 were added at a 250 M, ABT751 at 400 M, and its bromo-derivative at 150 M final concentrations. The final DMSO concentration was 2% or lower. Complexes were concentrated to Ϸ20 mg tubulin/mL (100 M T2R) by ultrafiltration and were either used immediately or stored at Ϫ70°C. Crystals were obtained at 4°C by streak seeding (7).
Data Collection and Refinement. Crystals of T 2R with or without small molecule ligands were flash-cooled in liquid nitrogen and diffraction datasets were collected at 100 K on beamlines ID14-eh4 and ID23-eh1 at the ESRF (Grenoble, France). Data were processed either with XDS (29) or with the HKL package (30) . The T 2R-colchicine structure (PDB ID 1SA0) in which colchicine had been removed from the model was used as a starting point for refinement. The structures were refined with REFMAC (31) using the TLS option (32) . Initial models and topology parameters for the ligands were generated using PRODRG (33) . In the case of the T 2R crystals (without a colchicine domain ligand), the highest signals in the Fobs-Fcalc maps (up to Ϫ7.5 ) were localized on the T7 loop of each ␤-tubulin subunit, positive
